Brain glycogen and its metabolism are increasingly recognized as major players in brain functions. Moreover, alteration of glycogen metabolism in the brain contributes to neurodegenerative processes. In the brain, both muscle and brain glycogen phosphorylase isozymes regulate glycogen mobilization. However, given their distinct regulatory features, these two isozymes could confer distinct metabolic functions of glycogen in brain. Interestingly, recent proteomics studies have identified isozymespecific reactive cysteine residues in brain glycogen phosphorylase (bGP). In this study, we show that the activity of human bGP is redox-regulated through the formation of a disulfide bond involving a highly reactive cysteine unique to the bGP isozyme. We found that this disulfide bond acts as a redox switch that precludes the allosteric activation of the enzyme by AMP without affecting its activation by phosphorylation. This unique regulatory feature of bGP sheds new light on the isoform-specific regulation of glycogen phosphorylase and glycogen metabolism.
Brain glycogen and its metabolism are increasingly recognized as major players in brain functions. Moreover, alteration of glycogen metabolism in the brain contributes to neurodegenerative processes. In the brain, both muscle and brain glycogen phosphorylase isozymes regulate glycogen mobilization. However, given their distinct regulatory features, these two isozymes could confer distinct metabolic functions of glycogen in brain. Interestingly, recent proteomics studies have identified isozymespecific reactive cysteine residues in brain glycogen phosphorylase (bGP). In this study, we show that the activity of human bGP is redox-regulated through the formation of a disulfide bond involving a highly reactive cysteine unique to the bGP isozyme. We found that this disulfide bond acts as a redox switch that precludes the allosteric activation of the enzyme by AMP without affecting its activation by phosphorylation. This unique regulatory feature of bGP sheds new light on the isoform-specific regulation of glycogen phosphorylase and glycogen metabolism.
Glycogen is the main carbohydrate store in mammalian cells. In the human body, glycogen is found in the liver, the muscles, and the brain (1) . Brain glycogen is primarily located in glial cells, especially in the astrocytes, but also to a lesser extent in the neurons (2, 3) . For many decades, brain glycogen has been assigned to an emergency store of glucose because it is found at relatively low concentrations when compared with those found in the liver and the muscles. However, over the past 20 years, important progress has been made in revealing the critical role of brain glycogen in brain function. Indeed, astrocytic and neuronal activities are highly dependent on glycogenolysis (glycogen mobilization) and glycogen store during stress episodes, including hypoglycemia and ischemia (4 -7) . In addition, astrocytic glycogen sustains synaptic plasticity and is critical for high cognitive processes such as learning and memory consolidation (8, 9) . Indeed, astrocytic glycogen has been shown to provide energy for K ϩ uptake and substrates for the synthesis of neurotransmitters (such as glutamate or GABA) and is used as a lactate supply to feed the astrocyte-neuron lactate shuttle (8) . The alteration of glycogen metabolism and the subsequent glycogen accumulation in neurons have been assigned to neurodegeneration and the pathogenesis of Lafora disease (10) . Such accumulation has also been observed in aging brain as well as in neurodegenerative diseases, including Alzheimer's disease or amyotrophic lateral sclerosis (11, 12) . Glycogen phosphorylase (GP) 2 is a key enzyme of glycogen mobilization. GP catalyzes the breakdown of glycogen in glucose 1-phosphate, also termed as glycogenolysis. This enzyme is found in humans as three isozymes, named after the tissue they predominate: the muscle (mGP), the liver (lGP), and the brain GP (bGP). In the brain, astrocytes express both the brain and the muscle isoform, whereas neurons only express the bGP (3, 13) . GPs are allosteric enzymes that oscillate between an inactive T-state and an active R-state. The allosteric transition is mediated by phosphorylation of Ser 14 in response to extracellular signals, such as norepinephrine or serotonin. Additionally, GP enzymes are also regulated by the binding of allosteric effectors, such as AMP (allosteric activator) and ATP and glucose 6-phosphate (allosteric inhibitors), allowing the enzyme to respond to the local energy requirements of the cell (1, 14) .
Reactive oxygen species (ROS) are reactive compounds derived from molecular oxygen. In cells, most of the ROS are formed as a byproduct of the mitochondrial chain or are produced by enzymes including NADPH oxidase and xanthine oxidase (15) (16) (17) . In normal conditions, ROS are mediators of intracellular signaling, through the reversible modification of proteins. The tight regulation of intracellular oxidant levels is allowed by antioxidant systems, including GSH and enzymatic systems such as superoxide dismutase (SOD) and catalase (15-* This work was supported by the University Paris Diderot and CNRS. This 17). However, the disruption of the oxidant/antioxidant balance and the resulting oxidative stress lead to DNA and protein damage, which contributes to cellular senescence, apoptosis, and tumorigenesis (16, 18) . Hydrogen peroxide (H 2 O 2 ) is a cellular oxidant involved in both the regulation of cell functions and the pathogenesis of several diseases, including cancer, neurodegenerative diseases, and aging (16) . Proteins are primary targets of H 2 O 2 , particularly through the covalent modification of cysteine residues. In the presence of oxidants, cysteines can be oxidized to form sulfenic acid (ϪSO). Sulfenic acid is generally unstable and is converted to a disulfide in the presence of another thiol group. In the presence of high concentrations of oxidants, sulfenic acid may also undergo further oxidation and thus form a sulfinic (ϪSO 2 ) or sulfonic (ϪSO 3 ) acid (15, 19) . Many studies aim to understand the impact of cysteine oxidation on protein functions to rapidly adjust their activity to the redox environment (20, 21) . Furthermore, the development of new trapping techniques combined with high-throughput proteomics methods allows the identification of potential proteins, presenting reactive cysteine residues and thiol modifications in oxidative conditions. Energy metabolism enzymes are one of the main classes of proteins that contain highly reactive cysteines. Among them, several studies identified critical cysteine residues from the brain form of GP (22) (23) (24) (25) (26) .
In the present study, we investigated the redox regulation of bGP. By using molecular, cellular, and in silico modeling approaches, we demonstrate that bGP is reversibly inhibited by H 2 O 2 . This inhibition occurs through the formation of an intramolecular disulfide bond involving Cys 318 and Cys 326 , a reactive cysteine residue unique to the brain isoform of GPs. These two cysteines are located in the adenine loop, which belongs to the AMP-binding site (allosteric site). Interestingly, we found that the formation of the Cys 318 -Cys 326 disulfide bond alters the AMP-dependent activation of the bGP without affecting the phosphorylation-dependent activation. Our results suggest that the brain isoform of GP is regulated by H 2 O 2 and more broadly by redox conditions, through the formation of an isoform-specific disulfide bond in the AMP-binding site. This unique feature of bGP sheds new light on the isoform-selective regulation of glycogen phosphorylase activities and glycogen metabolism in the brain.
Results

Human bGP Is Reversibly Inhibited by Bolus Addition and by Continuous Generation of H 2 O 2 -Recent proteomics studies
identified putative reactive cysteine residues in human bGP isoenzyme, thus suggesting possible redox regulation of the activity of this key brain metabolic enzyme (22, 23, 26) . Interestingly, it has been shown that oxidative stress and redox conditions in astrocytes could impact glycogen mobilization (3, 7, 27) . As both mGP and bGP are expressed in the brain (in particular in astrocytes), we first tested whether bGP and mGP activity could be inhibited by H 2 O 2 . Although bGP was strongly inhibited by short exposure to 250 M H 2 O 2 (more than 80% inhibition), mGP activity was significantly less affected ( Fig.  1a ), which is in agreement with previous studies on mGP (40) . In the same conditions, lGP isozyme was found not to be affected by exposure to H 2 O 2 (Fig. 1a ). These results are con-sistent with different proteomics studies showing reactive cysteine residues prone to oxidation and unique to the bGP isoform (22, 23, 26) . We further investigated the inhibition of bGP by H 2 O 2 by exposing the purified enzyme to a bolus of this oxidant at different concentrations (0 -250 M final concentration). As shown in Fig. 1b , bGP was significantly inhibited by H 2 O 2 in a dose-dependent manner ( Fig. 1b) , with over 80% inhibition obtained with 250 M H 2 O 2 . To make a more realistic and physiologic assessment of the effect of H 2 O 2 on bGP activity, the purified enzyme was exposed to a continuous flux of H 2 O 2 produced by the glucose/glucose oxidase system (27) (28) (29) . A constant flux of 6 M/min of H 2 O 2 was used, which is considered as physiologically relevant (27, 28) . bGP activity was found to be inhibited in a time-dependent manner with a residual activity of 20% after 20 min of exposure (Fig. 1c ). The inhibition of bGP by the glucose-glucose oxidase system was completely avoided by the presence of catalase, thus demonstrating that bGP inhibition is due to the flux of H 2 O 2 (Fig. 1c ).
As stated above, cysteine residues in proteins can be oxidized by H 2 O 2 to a different set of reversibly or irreversibly oxidized forms (disulfide, sulfenic, sulfinic, and sulfonic acid forms) that can have an impact on protein functions (15, 20) . Fluorescein 5-iodoacetamide (5-IAF) and 5,5Ј-dithiobis-2-nitrobenzoic acid (DTNB), two alkylating agents that covalently modify free thiol groups, were used in chemical labeling experiments to investigate the oxidation of bGP cysteine residues by H 2 O 2 . As shown in Fig. 1d , we observed a strong loss of 5-IAF fluorescence signal in bGP exposed to H 2 O 2, thus confirming the readily oxidative modification of cysteine residues of the enzyme by H 2 O 2 (left panel). DTNB labeling further confirmed the oxidation of bGP cysteine residues by H 2 O 2 and allowed us to determine that most of these residues (10 out of 12 cysteine residues present in human bGP) were oxidized ( Fig. 1d , right panel).
We carried out kinetic analysis of the H 2 O 2 -dependent inhibition of bGP. As shown in Fig. 1e , semi-logarithmic plots of the percentage of residual bGP activity versus time for different concentrations of H 2 O 2 gave straight lines, suggesting that inhibition obeyed a pseudo first-order reaction. These data were further analyzed by replotting the observed pseudo firstorder rate constants (k obs ) against H 2 O 2 concentrations (Fig.  1f) . The values could be fitted to a straight line passing close to zero. The slope gave a second-order rate constant (k inact ) of 185 Ϯ 11 M Ϫ1 min Ϫ1 . This constant is close to values obtained for other enzymes known to be inhibited by reversible oxidation of cysteine residues by H 2 O 2 , such as human arylamine N-acetyltransferase 1 (29), caspase 3 (30), protein tyrosine phosphatases (31, 32) , or calcineurin (33) .
We tested whether the H 2 O 2 -dependent inhibition of bGP could be reversed by different reducing agents, including DTT, sodium arsenite, and thioredoxin. As shown in Fig. 2 , a and b, a short incubation (10 min) with 5 mM DTT fully reactivated the enzyme inhibited by either bolus addition or flux of H 2 O 2 . The ability of DTT to readily restore bGP activity indicated that the inhibition of bGP by H 2 O 2 occurred by the formation of either sulfenic acid and/or a disulfide bond (15, 34) . Thioredoxin, a major cellular disulfide reductase (35), significantly reactivated H 2 O 2 -inhibited bGP ( Fig. 2a ). Conversely, sodium arsenite, a reducing agent known to specifically reduce sulfenic acids but not disulfides (36) , afforded no significant reactivation of inhibited bGP ( Fig. 2a ). Taken together, these results suggested the involvement of one or several disulfide bonds in the redox regulation of human bGP. Moreover, Western blotting analyses of H 2 O 2 -oxidized and reduced bGP showed that both H 2 O 2 -exposedandnon-exposedbGPmigratedasasinglemonomer of ϳ100 kDa in SDS-PAGE, thus suggesting that inhibition of bGP by H 2 O 2 is due to the reversible formation of intramolecular disulfide bonds ( Fig. 1, b and c, lower panels). To ascertain that the reversible inhibition of bGP by H 2 O 2 may occur in a cellular context, an approach based on the transfection of human HEK293T cells (which display negligible GP expression and activity), and previously used to study the regulation of GP activity in cells, was carried out (37) . As shown in Fig. 3a , bGP was readily expressed and active in extracts of transfected HEK293T cells when compared with non-transfected cells. We found that exposure of transfected HEK293T cells to H 2 O 2 led to a significant decrease (close to 70% inhibition) in bGP activity. Full bGP activity could be restored upon incubation with DTT. These results were further confirmed in a model human astrocytic cell line (U87MG cells), which expresses bGP ( Fig.  3b ). Altogether these data are consistent with the experiments carried out with purified bGP (Fig. 1 ). In addition, our results are in agreement with recent redox proteomics studies indicating that cysteine residues of bGP can be oxidized in cells exposed to H 2 O 2 (23). or purified muscle glycogen phosphorylase (mGP) (rabbit) (black bars) were incubated with or without 250 M H 2 O 2 for 30 min at 37°C, prior to residual activity measurement. mGP and bGP activity was measured using AMP as an activator, whereas lGP, which only responds to phosphorylation, was phosphorylated by phosphorylase kinase for activation prior to activity measurement. Results are expressed as the percentage of the control without H 2 O 2 . Data represent mean values of three independent experiments Ϯ S.D., ***, p Ͻ 0.001 when compared with control (no H 2 O 2 ). b, reduced recombinant bGP was incubated with different concentrations of H 2 O 2 (0 -250 M) for 30 min at 37°C. Residual activity was assayed, and aliquots were also subjected to Western blotting analysis under non-reducing conditions. bGP was revealed using specific antibodies. Results are expressed as the percentage of the control. Data represent mean values of three independent experiments Ϯ S.D., ***, p Ͻ 0.001 when compared with positive control. c, reduced recombinant bGP was incubated with glucose oxidase (1.2 units) and glucose (5 mM) for 30 min. In these conditions, H 2 O 2 was continuously generated at a rate of 6 M/min. An aliquot was removed every 5 min and assayed for bGP residual activity (filled circles). A control reaction was carried out in the presence of 300 units/ml catalase (open circles). Glucose, glucose oxidase, and catalase, independently, had no effect on bGP activity. Samples were analyzed by Western blotting, and bGP was revealed using specific antibodies. Results are expressed as the percentage of the control. Data represent mean values of three independent experiments Ϯ S.D., ***, p Ͻ 0.001 when compared with t 0 . d, to confirm the oxidation of cysteine residues upon exposure to H 2 O 2 , recombinant bGP was inhibited by H 2 O 2 , and free cysteine residues were specifically labeled using the fluorescent probe 5-IAF. Samples were run on SDS-PAGE in the presence of 2-mercaptoethanol and blotted onto nitrocellulose membrane. 5-IAF fluorescence was measured ( ex : 492 nm; em : 520 nm), and bGP was revealed using specific antibodies. The untreated bGP was used as a positive control. To assess the number of oxidized cysteines after exposure to H 2 O 2 , thiol content was analyzed using the DTNB assay on both treated and untreated bGPs, as described under "Experimental Procedures." The resulting TNB Ϫ formation was quantified by absorbance measurement at 405 nm. Absorbance of the non-treated protein was used as control. Data represent mean values of three independent experiments Ϯ S.D., **, p Ͻ 0.01 when compared with reduced control. e, recombinant bGP was incubated with various concentrations of H 2 O 2 (0 -400 M H 2 O 2 ). Aliquots were removed every 5 min and assayed for residual activity. For each concentration of H 2 O 2 , the plot of the natural logarithm as a function of time allowed the determination of first-order apparent constants k obs . f, the second-order rate constant was then determined by plotting the first-order apparent constants against [H 2 O 2 ] (lower panel). The solid lines represent the best linear regression fit of the data to Equations 2 and 3. The calculated k inact for the inhibition of bGP by H 2 O 2 was 185 M Ϫ1 min Ϫ1 . Data represent mean values of three independent experiments Ϯ S.D.
Cys 318 and Cys 326 Are Involved in H 2 O 2 -dependent Inhibition of bGP through Formation of a Disulfide
Bond-Human bGP has 12 cysteine residues in its primary structure, including four cysteines that are unique to this GP isozyme (Cys 326 , Cys 436 , Cys 757 , and Cys 808 ) ( Fig. 4a ). Using the structure of human bGP (38) , we identified two potential intramolecular disulfide bonds, i.e. Cys 318 -Cys 326 and Cys 373 -Cys 445 , the former involving the bGP specific "reactive" cysteine (Cys 326 ), previously identified in a proteomic screen ( Fig. 4b and supplemental Table 1 ) (22, 23). To investigate the involvement of Cys 318 and Cys 326 in the redox regulation of bGP, these two residues were mutated individually and simultaneously to serine residues to obtain three mutant enzymes: bGP C318S , bGP C326S , and bGP C318S/C326S . As shown in Fig. 4c , contrary to WT bGP, the single mutant enzymes were found to be poorly inhibited by H 2 O 2 . The double mutant was not sensitive to H 2 O 2 -dependent inhibition. This experiment further indicates that H 2 O 2dependent inhibition of bGP relies on the oxidation of Cys 318 and Cys 326 residues. To confirm the redox state of Cys 318 and Cys 326 residues of bGP exposed to H 2 O 2 , we performed differential cysteine labeling and mass spectrometry analysis (39), To this end, the thiol groups of reduced and H 2 O 2 -oxidized bGP Fig. 1a . Oxidized bGP and non-treated bGP were subsequently and independently incubated with 5 mM DTT, 10 mM sodium arsenite (AsNaO 2 ), 5 mM GSH, or 10 M thioredoxin for 10 min at 37°C prior to activity measurement. Results are expressed as the percentage of the control. Red., reduced; Ox., oxidized. Data represent mean values of three independent experiments Ϯ S.D., ***, p Ͻ 0.001 when compared with control; ###, p Ͻ 0.001 when two non-control groups are compared. b, recombinant bGP was inhibited by H 2 O 2 as in Fig. 1c . Oxidized bGP and non-treated bGP were subsequently incubated with 5 mM DTT for 10 min at 37°C prior to activity measurement. Reduction restored full activity of bGP. Results are expressed as the percentage of the control. Data represent mean values of three independent experiments Ϯ S.D., ***, p Ͻ 0.001 when compared with control; ###, p Ͻ 0.001 when two non-control groups are compared. FIGURE 3. bGP is inhibited in cells exposed to H 2 O 2 . a, HEK293T cells were transfected or not transfected with pCMV6-PYGB plasmid, and cells were exposed to 500 M H 2 O 2 for 20 min before being harvested. Cell lysis was then performed in the presence or absence of a reducing agent (10 mM DTT), and whole-cell extracts were assayed for endogenous glycogen phosphorylase activity. Data are expressed as the percentage of the control and represent mean values of three independent experiments Ϯ S.D. ***, p Ͻ 0.001 when compared with positive control (upper panel); ###, p Ͻ 0.001 when two non-control groups are compared. Non-reduced and reduced whole-cell extracts were Western blotted and revealed for brain glycogen phosphorylase using an anti-bGP antibody. Ponceau red stains of the membranes are shown (lower panel). b, U87MG cells were exposed to 500 M H 2 O 2 for 20 min before being harvested. Cell lysis was then performed in the presence or absence of a reducing agent (10 mM DTT), and whole-cell extracts were assayed for endogenous glycogen phosphorylase activity. Data are expressed as the percentage of the control and represent mean values of three independent experiments Ϯ S.D. ***, p Ͻ 0.001 when compared with positive control (upper panel); ###, p Ͻ 0.001 when two non-control groups are compared. Western blotting analysis of bGP from cells was revealed for brain glycogen phosphorylase using anti-bGP antibodies. Ponceau red stains of the membranes are shown (lower panel).
were first alkylated with iodoacetamide (IAA), reduced with DTT, and then alkylated with N-ethylmaleimide (NEM). The labeled proteins were then trypsin-digested and analyzed by LC-MS/MS (supplemental Fig. 1 ). Both Cys 318 and Cys 326 were found to be significantly less labeled by IAA and to display increased NEM labeling (i.e. decrease of the IAA/NEM ratio). In addition, 8 of the 12 cysteines of bGP were found to be oxidized by H 2 O 2 (supplemental Table 1 and supplemental Fig. 1 ). These results are in agreement with the data obtained with DTNB ( Fig. 1d ).
To further support that Cys 318 and Cys 326 are indeed involved in the redox regulation of bGP, we transfected wildtype bGP or bGP C318S/C326S mutant in HEK293T cells and exposed them to H 2 O 2 . In accordance with the results described above, wild-type bGP was found to be inhibited in cells exposed to H 2 O 2 , whereas the bGP C318S/C326S mutant was not ( Fig. 4d ). Taken together, these results suggest that Cys 318 and Cys 326 can act as a redox switch through the formation of an intramolecular disulfide bond that impacts the activity of bGP. This disulfide bond is a feature of bGP as the reactive Cys 326 residue is unique to the brain isozyme ( Fig. 4a ), which is consistent with the fact that mGP and lGP are much less sensitive to H 2 O 2 (Fig. 1a) (40) .
The standard redox potential of the Cys 318 -Cys 326 disulfide bond was determined using oxidized and reduced glutathione as described previously ( Fig. 4e) (41) . The activity of the fully reduced bGP was used to calculate the percentage of active bGP, which was plotted as a function of the ratio of reduced to oxidized glutathione. By applying the Nernst equation to the midpoint of the activity and the E°Ј value of Ϫ240 mV for the GSH/GSSG redox couple, we determined a standard redox potential of Ϫ267 mV (E°Ј bGP ) for bGP. This value was consistent with redox potential values found in cytosol and previously reported for other enzymatic systems with functional allosteric disulfide bonds, such as ␤II-tryptase ( Fig. 4e) (42, 43) .
Cys 318 -Cys 326 Disulfide Bond Impairs AMP-dependent Activation of bGP-bGP is an allosteric enzyme found in equilibrium between an inactive (or T-state) and an active (or R-state). The transition between these two states is under the control of 1) the phosphorylation of Ser 14 and 2) the binding of allosteric effectors (such as AMP) in the AMP-binding site. The latter is composed of several secondary structures including two helices (helices 2 and 8) and three loops (adenine, ␤4/␤5, and capЈ loops) (38) . Interestingly, the Cys 318 and Cys 326 residues belong to the adenine loop present in the AMP-binding site (supplemental Fig. 2 ). In addition, in mGP, this conserved loop inter- Four cysteine residues are specific from the brain isoform (C326*, C436*, C757*, and C808*). In addition, three cysteine residues have been described previously as reactive cysteine (colored in red) (22, 23, 26) . Sequences of muscle (PYGM), liver (PYGL), and brain (PYGB) glycogen phosphorylase from rat, mouse, and human containing the three reactive cysteines have been aligned. b, ribbon representation of C␣ trace of the dimer of bGP. The AMP-binding site is marked by the allosteric effector AMP (surface representation). The 12 cysteine residues are represented as a yellow stick. The distance separating the C␣ of each pair of cysteine residues was measured (supplemental Table 1 ). Two pairs of cysteines were identified with C␣ 1 -C␣ 2 Ͻ10 Å and are represented (right and left panels): Cys 318 -Cys 326 and Cys 373 -Cys 445 . c, single mutation and double mutations of Cys 318 and Cys 326 were performed and tested for oxidation resistance as described above. Results are expressed as the percentage of the control. Data represent mean values of three independent experiments Ϯ S.D., ***, p Ͻ 0.001 when compared with control; ###, p Ͻ 0.001 when two non-control groups are compared. d, HEK293T cells were transiently transfected with either WT bGP vector or C318S/C326S mutant bGP vector. Cell medium was gradually replaced by medium without FCS, and cells were then exposed to H 2 acts with AMP, flanking the AMP-binding site and stabilizing the active state of the enzyme (44) . Therefore, the formation of the Cys 318 -Cys 326 disulfide bond upon exposure to H 2 O 2 may thus impact the activation of bGP by AMP through the structural modification of the adenine loop, but not the activation of the enzyme by phosphorylation on Ser 14 . To further analyze this point, we carried out experiments where bGP was first oxidized by H 2 O 2 , and the remaining activity of the enzyme was monitored either after activation by AMP or after phosphorylation by phosphorylase kinase (Fig. 5A) . Although H 2 O 2 -inhibited bGP was not activated by AMP, the oxidized enzyme was readily activated upon phosphorylation by phosphorylase kinase (Fig. 5A) . These results strongly suggested that the formation of the Cys 318 -Cys 326 disulfide bond by H 2 O 2 impairs the AMP-dependent activation of bGP but not its activation by phosphorylation.
The fluorescent analogue of AMP, mant-AMP, was used to test the ability of H 2 O 2 -oxidized bGP to bind AMP. This analogue displays increased fluorescence when bound to proteins (45, 46) . As expected, significant fluorescence of mant-AMP at 448 nm ( ex : 355 nm) was observed in the presence of reduced bGP. The addition of increasing concentrations of AMP induced a significant decrease in fluorescence, thus confirming that mant-AMP fluorescence was due to the binding of this AMP analogue in the AMP-binding site of bGP (Fig. 5B) . In contrast, when the experiments were carried out with H 2 O 2inhibited bGP, only a slight increase in mant-AMP fluorescence (close to 25% of the control reduced enzyme) was observed. These results strongly suggest that the formation of the Cys 318 -Cys 326 disulfide bond in the adenine loop alters the binding of AMP and the subsequent activation of the bGP. Molecular dynamics simulations of bGP with or without the Cys 318 -Cys 326 disulfide bond further supported these data (supplemental Fig. 3 and supplemental Table 3 ). Indeed, the presence of the Cys 318 -Cys 326 disulfide bond was found to rigidify the adenine loop, thus impairing the flanking of the AMP-binding site (supplemental Fig. 3 and supplemental Table 3 ).
Discussion
Brain glycogen has long been considered as an emergency glucose store that provides neuronal protection during stress episodes, including hypoglycemia and hypoxic stress (3) (4) (5) 7) . Over the past years, increasing interest has been paid to brain glycogen as it is also critical in normal brain functions and high cognitive processes, in particular by providing lactate and energy for the astrocyte-neuron lactate shuttle (8, 9) . In mammalian cells, the mobilization of the glycogen store depends on GP, the rate-limiting enzyme of glycogenolysis that exists as three distinct isozymes: the liver, the muscle, and the brain GP (1, 14) . GPs are allosteric enzymes, regulated by both phosphorylation (by phosphorylase kinase) and the binding of allosteric effectors (such as AMP), allowing the respective regulation of GP by extracellular signals and the local energy demand (1, 14) . In addition, recent redox proteomics studies suggest that bGP activity might be regulated by ROS, through the modification of critical reactive cysteine residues (22, 23, 26) . In this study, we report that bGP is reversibly controlled by an intramolecular disulfide bond between Cys 318 and Cys 326 , the latter cysteine residue being found only in the brain form of GP. The critical role of these two cysteines (in particular Cys 326 ) was confirmed by mutational analysis (Fig. 4, c and d) . Our work suggests that this disulfide bond acts as a redox switch of the AMP-binding site (allosteric site) and controls the activation of the brain form of GP by AMP, without altering the regulation of the enzyme by phosphorylation.
Several proteins and enzymes, such as PKA, are redox-regulated through reversible cysteine oxidation. In particular, this redox regulation can occur through the formation of reversible disulfide bonds, as observed in Hsp33, bII tryptase, or Lon protease (41, 42, 47) . These functional disulfide bonds regulate protein functions. They form in the cytosol and present higher redox potentials comprised between Ϫ120 and Ϫ270 mV (48) . In our case, the redox potential of human bGP, Ϫ267 mV, is consistent with the regulation of this enzyme by a functional disulfide bond (Fig. 2b) . The functional role of these disulfide bonds relies on the reversibility of their formation by reductants. We used several reducing agents to determine the reversibility of the inhibition. Redox-maintaining molecules, such as GSH and glutaredoxin 1, present higher redox potential (Ϫ240 and Ϫ233 mV, respectively) when compared with bGP, suggesting that these antioxidant systems may not be involved in the redox regulation of bGP in vivo (49) . However, oxidoreductases, including thioredoxin, display a redox potential of Ϫ270 mV, indicating that the reduction reaction of bGP by thioredoxin is thermodynamically favorable and suggesting that thioredoxin could be a primary reductant of bGP in cells (49) . These observations were supported by the low reactivation of the oxidized bGP by GSH and the ability of DTT (redox potential of Ϫ330 mV) and thioredoxin to better reverse the bGP oxidation in vitro ( Fig. 2a ). Interestingly, thioredoxin is known to interact with oxidized GP, in particular in cardiac cells (50) .
GPs are enzyme-regulated by phosphorylation and the binding of allosteric effectors. In bGP, the binding of AMP is critical for the enzyme activation as this isoform is mainly regulated by allosteric effectors and to a lesser extent by phosphorylation (51, 52) . As Cys 318 and Cys 326 are located in the adenine loop, which belongs to the AMP-binding site, the Cys 318 -Cys 326 disulfide bond is likely to alter the structural properties of the loop, resulting in the alteration of the binding of AMP (Fig. 5B , supplemental Fig. 3 and supplemental Table 3 ). These findings emphasize the critical role of AMP and the AMP-binding site for the regulation of bGP. Recent data suggest that the AMPdependent activation of bGP is critical for the regulation of glycogen metabolism and functions in the brain (52) .
The reversible redox regulation of bGP was also observed in U87MG astrocytes and HEK293T cells transfected with wildtype bGP, but not with HEK293T cells transfected with bGP mutated for Cys 318 and Cys 326 (supplemental Fig. 1 ). As astrocytes express both the mGP and the bGP isozymes (13), biochemical and cellular studies suggested that bGP is mainly regulated by the binding of allosteric effectors, whereas mGP is tailored to respond to phosphorylation (51, 52) . Our findings indicate that the redox regulation of bGP may allow a preferential regulation of glycogenolysis by phosphorylation under oxidative conditions. It has been shown that neurons exclusively express the brain isozyme of GP and not the muscle one (3). This observation suggested that glycogen degradation in these cells is designed mainly to respond to their own energy needs (3) . The selective regulation of oxidized bGP by phosphorylation, and hence extracellular signals, indicates that ROS may significantly impact glycogen degradation in neurons. This may lead to a shift toward the phosphorylation-dependent regulation of bGP instead of the effector-dependent regulation of bGP. Further studies are needed to better understand the differential regulation of glycogenolysis in neurons and astrocytes under oxidative conditions and its impact on astrocytic and neuronal glycogen. Furthermore, allosteric and phosphorylation activation mechanisms are interrelated in cells. However, the relative contribution of phosphorylation versus allosteric control of GP in brain cells remains to be elucidated. The selective regulation of bGP under oxidative conditions provides additional insights about how the two activation mechanisms may independently influence glycogenolysis in these cells.
Glycogen store and glycogenolysis are critical for high cognitive processes, in particular learning and memory consolidation. In this context, astrocytic mGP and bGP are phosphorylated by phosphorylase kinase in response to neurotransmitters such as serotonin and noradrenaline (53) . In addition, ROS are also essential to synaptic plasticity and memory formation (54) . Our results suggest that the redox regulation of bGP may be involved in cognitive processes that rely on glycogenolysis. In addition, these results further support the hypothesis that glycogen performs a broad range of functions in the brain (52) .
Finally, glycogen has been found to accumulate in the brain in several pathological conditions, including amyotrophic lateral sclerosis, Alzheimer's disease, ischemic stroke, and aging, and is a direct cause of neurodegeneration in Lafora disease (7, 10 -12, 55) . Lafora disease is an autosomal recessive pathology caused by the mutation of either laforin or malin. These two proteins are involved in the regulation of glycogen accumulation through the proteasome-dependent degradation of glycogen-related proteins including glycogen synthase. The resulting over-synthesis of glycogen in neurons results in the accumulation of poorly branched glycogen, forming inclusions called Lafora bodies and causing neuronal loss and epilepsies (10) . These diseases are also characterized by an increased production of ROS and oxidative stress (56, 57) . Here, we demonstrate that bGP displays a high sensitivity to oxidative conditions and suggest that its activity may be altered by oxidative stress, resulting in the impairment of brain energy metabolism that could contribute to neurodegenerative disease pathogenesis, as well as the deleterious accumulation of glycogen in neurons and astrocytes.
Conclusion-In conclusion, our study provides evidence that the brain isoform of GP can be regulated by ROS (in particular H 2 O 2 ), through the formation of an intramolecular disulfide bond between Cys 318 and Cys 326 , a reactive cysteine residue found only in the brain form of GP. This disulfide bond acts as a redox switch of the AMP-binding site and selectively precludes bGP regulation by the allosteric effector AMP, which binds in the AMP-binding site. Our findings suggest that, under oxidative conditions, bGP could be selectively regulated by phosphorylation/dephosphorylation events but not by allosteric effectors. It is known that ROS have a dual role in the brain, as mediators for brain function and as a source of oxidative stress in brain diseases, including neurodegenerative diseases. Our study shows the isoform-selective regulation of bGP by oxidants and provides a molecular basis for the regulation of glycogenolysis by ROS, which may influence brain function that relies on glycogen store.
Experimental Procedures
Materials
The oligonucleotides used for the site-directed mutagenesis were purchased from Eurofins. pCMV6 carrying bGP cDNA (pCMV6-PYGB) was purchased from OriGene Technologies, Inc.
Antibodies raised against brain glycogen phosphorylase were obtained from Santa Cruz Biotechnology (SC-81751). Anti-histidine tag (Sigma) antibodies, L-arabinose, isopropyl-1-thio-␤-D-galactopyranoside, protease inhibitor cocktail, nickelnitrilotriacetic acid Superflow resin, imidazole, DTT, BSA, phosphorylase kinase from rabbit muscle, ATP, AMP, phosphoglucomutase, EDTA, glucose 1,6-diphosphate, P i , glycogen phosphorylase from rabbit muscle, H 2 O 2 , glucose, glucose oxidase, catalase, N-ethylmaleimide, iodoacetamide, 5-IAF, DTNB, GSH, GSSG, FCS, and glucose 6-phosphate were purchased from Sigma-Aldrich. ECL Western blotting detection reagent and buffer exchange columns were purchased from GE Healthcare. Glucose-6-phosphate dehydrogenase was purchased from Roche Applied Science. NADP was purchased from Apollo Scientific. U87-MG cells were purchased from ATCC. HEK293T were kindly provided by Dr. Ait-Si-Ali (CNRS UMR7216, Université Paris Diderot). DMEM, RPMI medium, non-essential amino acids, and glutamine supplements were purchased from Life Technologies. Mant-AMP was purchased from Jena Bioscience.
Methods
Alignment of Glycogen Phosphorylase Sequences
Muscle (PYGM), liver (PYGL), and brain (PYGB) glycogen phosphorylase sequences were obtained from UniProt/Swiss-Prot. The following sequences were analyzed: P11217, P06737, and P11216 (Homo sapiens, human); P09812, P09811, and P53534 (Rattus norvegicus, rat); P00489 (Oryctolagus cuniculus, rabbit); and Q9WUB3, Q9ET01, and Q8CI94 (Mus musculus, mouse). The multiple sequence alignment was performed using Clustal Omega server (European Molecular Biology Laboratory-European Bioinformatics Institute (EMBL-EBI)).
cDNA Constructs
The human bGP cDNA was obtained in the eukaryotic pCMV6 vector (provided by OriGene Technologies, Inc.) and subcloned into the pET28a vector for expression and purification of recombinant bGPs. The resulting construct encoded for His 6 -tagged fusion recombinant proteins (His-bGP). Escherichia coli C41(DE3)/pGro7 (encoding the GroEL/GroES chaperonin protein complex) strains were transformed with plasmid pET28a carrying His-bGP and used to express and purify the recombinant proteins.
Site-directed Mutagenesis of bGP
Cysteine residues 318 and 326 were mutated into serine residues using the Agilent QuikChange site-directed mutagenesis kit according to the manufacturer's instructions. Briefly, the mutagenesis of each cysteine residue was performed by amplification of the whole plasmids (pCMV6 and pET28a) carrying bGP, using 5Ј and 3Ј primers containing single point mutations of interest. The sequence of each oligonucleotide pair used is presented in supplemental Table 4 .
Expression and Purification of Recombinant Human bGP
E. coli bacteria were cultured at 37°C. Expression of the GroEL/GroES chaperonin protein complex was first induced by the addition of 1 mM L-arabinose to culture. Expression of recombinant His-bGP was then induced by the addition of 500 M isopropyl-1-thio-␤-D-galactopyranoside to culture. The bacteria were further cultured at 16°C overnight. The bacteria were pelleted by centrifugation (4,000 ϫ g, 10 min), washed with cold PBS, and harvested by centrifugation (4,000 ϫ g, 10 min). The pellets were stored at Ϫ80°C until required.
The bacteria were resuspended in 35 ml of lysis buffer (PBS, pH 8, 300 mM NaCl, 0.5% Triton X-100, 1 mg/ml lysozyme, protease inhibitor cocktail) and incubated for 1 h at 4°C. The lysate was sonicated on ice (8-s pulses for up to 7 min) and centrifuged (17, 000 ϫ g, 30 min, 4°C) . The supernatant was collected and incubated with 1 ml of nickel-nitrilotriacetic acid Superflow resin in the presence of 10 mM imidazole (final concentration) for a minimum of 2 h at 4°C. The resin was then poured into a column and washed successively with washing buffer (PBS, pH 8, 300 mM NaCl) containing 0.1% Triton X-100 and a stepwise gradient of imidazole in washing buffer until a concentration of 20 mM imidazole (final concentration) was achieved. His-tagged proteins were eluted with washing buffer containing 300 mM imidazole. Purified proteins were incubated for 10 min with 10 mM DTT and protease inhibitor cocktail. The purified protein was then exchanged against PBS, pH 7.1, using a PD 10 desalting column. The protein concentration was measured using the standard Bradford assay with BSA as standard and by absorbance measurement at 280 nm, using a theoretical ⑀ M : 115,170 M Ϫ1 cm Ϫ1 . The purity of the protein was assessed by SDS-PAGE analysis.
SDS-PAGE Electrophoresis and Western Blotting
Proteins were loaded onto 7.5% polyacrylamide gels, and electrophoretic protein separation was carried out at 110 V (constant voltage) under non-reducing conditions. For SDS-PAGE, the presence of protein was revealed using Coomassie Blue R250. After migration by SDS-PAGE, the proteins were transferred onto a nitrocellulose membrane at a constant current of 200 mA at 4°C for 1 h. Membranes were incubated at 4°C overnight with appropriately diluted primary antibody. After washing, the membranes were incubated for 2 h at room temperature with peroxidase-coupled secondary antibody. The proteins were visualized by chemiluminescence detection using ECL substrate and LAS 4000 (Fujifilm). The images were analyzed using Gimp 2 software.
Phosphorylation of Ser 14
bGP was phosphorylated using phosphorylase kinase from rabbit muscle (1 unit/mg of bGP), activated by preincubation for 1 h in phosphorylation buffer (20 mM Tris-HCl buffer, pH 7.7, 0.22 mM ATP, 3.3 mM MgCl 2 , 0.5 mM CaCl 2 , 0.5 mM NaF) for activation. Phosphorylation was performed by the addition of activated phosphorylase kinase to the bGP solution, in phosphorylation buffer, and incubation for 2 h at room temperature. The resulting activity was assessed with or without AMP. Phosphorylation of rabbit mGP was used as a control. Phosphorylated bGP was then subjected to buffer exchange against PBS buffer, pH 6.9, using a PD MiniTrap G25 (GE Healthcare) desalting column.
GP Activity Assay
GP activity was measured in the direction of glycogenolysis as described elsewhere (58) . Briefly, the formation of glucose 1-phosphate was determined using a coupled assay system containing phosphoglucomutase, glucose-6-phosphate dehydrogenase, and NADP, by measuring NADPH(H) ϩ formation at 340 nm. The phosphorylase activity assay was carried out at 37°C in PBS, pH 6.9. The mixture consisted of bGP (0.1 M final concentration) with or without 1 mM AMP, 0.25% glycogen, 2 mM EDTA, 0.8 mM NADP, 10 mM magnesium acetate, 5 M glucose 1,6-diphosphate, 5 units of glucose-6-phosphate dehydrogenase, and 5 units of phosphoglucomutase in a final volume of 250 l. Each measurement was performed in triplicate. GP activity was expressed as the percentage of the control.
Effect of H 2 O 2 on GP Activity
Purified GP was reduced using 1 mM DTT for 20 min on ice. DTT was then removed using a PD SpinTrap G25 (GE Healthcare) desalting column, and the protein concentration was determined by Bradford assay using BSA as standard. To test the impact of H 2 O 2 on muscle, liver, and brain GP, 0.25 M purified enzyme was incubated with or without H 2 O 2 (250 M final) in PBS, pH 6.9, for 30 min at 37°C in a final volume of 25 l. The reaction was stopped by the addition of catalase (300 units/ml of final concentration). The residual activity of GP was assayed as described above. GP activity in the absence of H 2 O 2 was considered as 100% activity. Each measurement was performed in triplicate.
To mimic the cellular generation of H 2 O 2 , 0.25 M recombinant bGP was incubated with 1.2 units of glucose oxidase in the presence of 5 mM glucose in PBS buffer, pH 6.9. In our conditions, the addition of glucose to glucose oxidase allowed the formation of H 2 O 2 at a rate of 6 M H 2 O 2 /min, which is considered to be physiologically relevant. The aliquot was removed every 5 min until 30 min (27) (28) (29) . Catalase (300 units/ml) was added to counteract any further generation of H 2 O 2 . Residual activity was then assayed as described previously (38, 40) . bGP activity at t 0 was considered as 100% activity. The same experiment was performed in the presence of catalase (300 units/ml) as a control. Glucose oxidase and catalase independently had no effect on bGP activity and bGP activity measurement. In addition, glucose, an allosteric inhibitor of bGP, which binds in the catalytic site of the enzyme (59), did not impact bGP inhibition by H 2 O 2 or bGP activity assay. Prior to experiments, the production rate of H 2 O 2 by glucose oxidase was assessed spectrophotometrically at 240 nm, by measuring H 2 O 2 formation over time in PBS buffer, pH 6.9, containing 5 mM glucose
To test whether the oxidation of bGP was reverted by reducing agent, bGP was first inhibited as described previously (40) . 5 mM DTT was then added to the mixture and incubated 10 min at 37°C prior to the enzyme activity assay. Results are expressed as the percentage of the control (bGP incubated in the absence of H 2 O 2 ).
To test whether oxidized bGP could be activated by phosphorylation, bGP (without ligands or non-phosphorylated) was incubated with H 2 O 2 as described above. The oxidized enzyme was then phosphorylated by phosphorylase kinase as described previously (38) and assayed for activity in the absence of AMP. Results are expressed as the percentage of each positive control.
Modification of bGP Cysteine Residues by H 2 O 2
To test whether bGP oxidation was concomitant with the modification of cysteine residues, we performed cysteine labeling experiments using 5-IAF and DTNB (Ellman's reagent).
5-IAF Labeling-Inhibition of bGP by H 2 O 2 was performed as described previously (29) . After inhibition, 20 M 5-IAF was added to the mixture and incubated for 10 min at 37°C. Then, 0.5 g of each sample was run on SDS-PAGE and blotted on a nitrocellulose membrane, in the dark. Fluorescein was detected by fluorescence measurement ( ex : 492 nm; em : 520 nm), and bGP was revealed using specific antibody as described previously (29) .
DTNB Labeling-bGP was inhibited by H 2 O 2 as described under "Results." Reaction was stopped by dilution (10ϫ) in PBS buffer, pH 7.5. Proteins were denaturated and labeled with DTNB by the addition of 100 mM Tris-HCl solution containing 6.4 M guanidine HCl and 5 mM DTNB. Controls containing only PBS buffer, protein, or H 2 O 2 were also performed. Absorbance was measured at 405 nm. Theoretical absorbance corresponding to the labeling of all cysteine in bGP was calculated, compared with the control, and used to determine the number of oxidized cysteines.
Mass Spectrometry
Prior to treatment, bGP was fully reduced and precipitated using TCA to stabilize cysteine residues. Proteins were then centrifuged, and pellets were successively washed using 1) acetone containing 5 mM HCl and 2) acetone. We employed mass spectrometry with differential cysteine labeling to identify the redox active disulfide bond in the enzyme. With that aim, 1 M precipitated bGP was resuspended in PBS buffer containing 250 mM IAA or incubated with 25 mM H 2 O 2 for 10 min at room temperature. Proteins were precipitated again using TCA and washed as described under "Experimental Procedures." Pellets were finally resuspended in loading buffer containing 250 mM IAA to alkylate any unpaired cysteine residues. Samples were first purified on a 7.5% SDS-polyacrylamide gel stained with Coomassie Blue R250. After in-gel reduction (5 mM DTT final concentration, 30 min, 56°C) and alkylation (200 mM NEM, 20 min, room temperature in the dark), gel slices were recovered by trypsin (Roche Applied Science) at 12.5 ng/l in 25 mM ammonium bicarbonate, 0.05% CaCl 2 and incubated overnight at 37°C. Then, the reaction was stopped with 100 l of 5% formic acid. Peptides were extracted from gel and incubated twice in 5% formic acid prior to sonication and incubation on acetonitrile. Then, supernatants from the all fractions of the same sample were pooled and dried using a SpeedVac.
Samples were purified by ZipTip (Millipore) before the LC-MS/MS analysis eluting in a solution containing 60% ACN, 0.1% formic acid. Desalted samples were then diluted 10 times prior to fractionation on a capillary reverse phase column (nano C18 Dionex Acclaim PepMap100, 75-m inner diameter ϫ 50 cm) at a constant flow rate of 220 nl/min, with a gradient of 2-40% buffer B containing 90% ACN, 10% water, 0.1% formic acid (buffer A: 98% water, 2% ACN, 0.1% formic acid). LC was directly coupled to a QqOrbitrap mass spectrometer (Q Exactive, Thermo Fisher Scientific). MS experiments consisted of a survey MS scan (400 -2,000 m/z; resolution 70,000) followed by an MS/MS analysis of the 10 most intense precursors, with a dynamic exclusion time of 30 s of the previously fragmented precursors.
After processing raw files with the in-house-developed software MaxQuant 1.5.3.8 (60) , data were searched against the PYGB sequence with Andromeda (61). Carbamidomethylated cysteines and NEM cysteines were set as variables similar to modifications such as oxidation of methionine, and N-terminal acetylation. Mass deviation of 0.5 Da was set as maximum allowed for MS/MS peaks, and a maximum of two missed cleavages was allowed. Maximum false discovery rates were set to 0.01 on both peptide and protein levels. Minimum required peptide length was 7 amino acids.
Perseus version.1.5.1.6 was used for data analysis and processing. We used the evidence.txt file to compare the abundance for each peptide modified with carbamidomethyl or NEM. Results are expressed as the ratio of NEM/CAM labeling (where CAM is carbamidomethyl). A decrease in the NEM/ CAM ratio suggests that the cysteine residue is oxidized upon the addition of H 2 O 2 .
Kinetic Analysis and Determination of the Second-order Rate Inhibition Constant (k inact )
The determination of the second-order rate inhibition constant (k inact ) was determined using the pseudo first-order method. Recombinant bGP (0.25 M) was incubated with various concentrations of H 2 O 2 (0 -400 M) at 37°C in PBS buffer, pH 6.9. Aliquots were removed at various time points and assayed for residual bGP activity. The apparent first-order inactivation rate constants k obs were measured for each concentration of H 2 O 2 from the slope of the natural logarithm (ln) of the percentage of residual activity plotted against time. The second-order rate constant k inact was determined from the slope of k obs plotted against H 2 O 2 concentrations (Equation 3) and equal to 185 M Ϫ1 min Ϫ1 .
Redox Potential E° of the bGP Disulfide Bond
The standard redox potential of the Cys 318 -Cys 326 disulfide bond was determined using reduced and oxidized glutathione. Recombinant bGP (0.25 M) was incubated with increasing ratios of [GSH] 2 /[GSSG] (0 -20,000 mM) for 18 h at 4°C. bGP activity was then assayed as described previously (38) . The thiol disulfide exchange between bGP and glutathione is described as follows bGP n RED ϩ nGSSG 7 bGP n OX ϩ 2nGSH Reaction 1
where bGP RED The extracted equilibrium constant K eq , which corresponds to the midpoint of the activity, was applied to the Nernst equation to calculate the standard state redox potential of the enzyme (E°Ј bGP )
where E°Ј GSH is the standard state redox potential of GSH (Ϫ240 mV), R is the gas constant, T is the temperature, and F is the Faraday constant.
Binding of AMP
AMP binding experiments were carried out using fluorescent mant-AMP, an analogue of AMP that fluoresces when bound to proteins. bGP (0.25 M, either reduced or oxidized) was incubated with mant-AMP (5 M) and increasing concentrations of AMP (0 -50 M) in Tris-HCl buffer (pH 7.5) for 30 min at 25°C. Fluorescence of bound mant-AMP was determined by spectrofluorometry using ex ϭ 355 nm, em ϭ 448 nm (Flex Station 3, Molecular Devices).
Cell Culture and H 2 O 2 Exposure
Astrocytic U-87MG cells were purchased from ATCC and grown in DMEM low glucose containing 10% FCS, 1% GlutaMAX, and non-essential amino acids at 37°C in 5% CO 2 incubator. HEK293T cells were grown in RPMI medium containing 10% FCS and 1% GlutaMAX at 37°C in a 5% CO 2 incubator. U-87MG cells were serum-starved 18 h before the experiments. Cells were then exposed to the indicated concentrations of H 2 O 2 (0 -500 M) for 20 min at 37°C in a 5% CO 2 incubator. After treatment, cells were washed three times with PBS, pH 7, and lysed in PBS, pH 7, containing 0.1% Triton and protease inhibitors. Cells were submitted to a slight sonication before centrifugation, and the supernatant was collected for assay of bGP activity and Western blotting analysis.
HEK293T cells were transiently transfected with wild-type or C318S/C326S mutant bGP carrying plasmid pCMV6. Cells were exposed to H 2 O 2 in RPMI medium and assayed for phosphorylase activity.
Structural Analysis
Structural analyses were performed using the crystal structures of human bGP (Protein Data Bank (PDB): 5IKP). The missing loops (including the adenine loop 319 -326) were constructed using the WinCoot software. Structural analyses were performed using Chimera software, and distances between cysteine residues were measured between C␣. A cut-off distance of 10 Å between C␣ was used to identify the potential disulfide bonds. All the distances are reported in supplemental Table 2 .
Molecular Modeling and Molecular Dynamics Simulations
Four dimeric systems were examined that correspond to (i) the native brain X-ray dimeric structure with and without an AMP molecule (PDB ID: 5IKP) and (ii) modeled structures with a disulfide bond between Cys 318 and Cys 326 , with and without an AMP molecule. For X-ray structures, regions with missing residues were completed with the Modeler9.14 software (62). Ten models were initially constructed and then refined with the fast loop Modeler procedure. The model with the best DOPE score was selected as a starting structure for molecular dynamics simulations. This model was also used as a template structure to build models with disulfide bond (DISU patch option in Modeler). The model with the best DOPE score among 10 models was selected as a starting structure for the molecular dynamics simulations. The position of AMP molecules was obtained from the X-ray structure (PDB ID: 5IKP).
Molecular dynamics stimulations were carried out using Gromacs5.1.1 (63) , choosing the amber99sb-ildn force field for the protein and AMP molecules. AMP topology and parameters were retrieved from REDDB-F90 (q4md Force Field Tools, available from the R.E.D. Force Field Tools page). The systems were solvated with TIP3 water molecules and neutralized with counter ions. A classical protocol (64) was followed, i.e. minimization, thermalization, and equilibration with position restraints on protein heavy atoms during 1 ns. Restraints were finally removed, and the systems were simulated for 100 ns. For each system, a replicate simulation of 100 ns was performed by changing initial velocities. All bond lengths were constrained with LINCS (Linear Constraint Solver). Temperature was maintained at 300 K with the velocity-rescale method and a time constant of 0.1 ps. Pressure was maintained isotropically at 1 bar using the Parrinello-Rahman algorithm with a time constant of 2.0 ps. The neighbor list was updated every fifth step with a cut-off of 1.0 nm. Lennard-Jones interactions were switched to zero at 1.0 nm. Particle Mesh Ewald (PME) with real space cut-off at 1.0 nm was used for electrostatics. Gromacs tools and home-made Python scripts were used for the analyses.
Statistical Analysis
Results are presented as mean Ϯ S.D. of three independent experiments. Statistical analysis was performed using one-way analysis of variance followed by Bonferroni's post hoc test, using the OriginPro 8 software. If only two groups were com-pared, the mean comparison t test was used. A p Ͻ 0.05 was considered as significant. p Ͻ 0.05, p Ͻ 0.01, and p Ͻ 0.001 were indicated by one, two, and three asterisks, respectively. p Ն 0.05 were considered as not significant and not marked.
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